Under certain harsh environmental conditions, jacket structures supporting offshore wind turbines might be exposed to plunging breaking waves, causing slamming forces that affect the structural integrity and fatigue life. The slamming forces should thus be properly considered during the design, but a suitable force model specifically for jacket structures is currently in absence. In this study, a five-parameter force model is developed for estimating global slamming forces due to plunging breaking waves on jacket structures, based on statistical analyses of experimental data from the WaveSlam project. The force model is developed by considering a total of 176 individual breaking waves, under six wave conditions. For each individual breaking wave, the time history of the slamming force is calculated based on hammer test data in addition to wave test data, and the wave parameters are acquired from a wave elevation measurement. The acquired time histories and wave parameters are then used to determine the parameters involved in the force model, including two exponential parameters (i.e. α 1 and α 2 ) and three dimensionless coefficients for the expressions of wave-dependent parameters (i.e. duration coefficient ζ 1 , rising time coefficient ζ 2 , and peak force coefficient ζ 3 ). It is found that α 1 , α 2 , ζ 1 and ζ 2 are approximately constant, and ζ 3 follows a lognormal distribution. The quantile that determines ζ 3 should be carefully selected so as to provide a conservative prediction. A quantile of 95% is suggested in this paper, and it is found to be conservative based on the verification of the developed force model. Therefore, for a given sea state, this force model can give a deterministic and conservative prediction of the slamming force time history, regardless of the randomness of slamming forces. Challenges for the application of the force model are also addressed.
complex phenomenon. The first work to study slamming forces theoretically was done by von Karman [2] on the estimation of forces on the floats of landing seaplanes. Later, Wagner [3] investigated the slamming forces on cylindrical structures, and in his study, the cylinder was approximated as a flat plate. The main difference between von Karman method and Wagner method is that the latter takes the local rise of free surface into account. This difference affects the duration and the magnitude of the calculated slamming force. Though the work by Wagner [3] was conducted 85 years ago, it is still widely used nowadays.
The von Karman method and Wagner method are usually used to determine the slamming coefficient of the slamming force for cylindrical structures, but the time history of the slamming force is also important when considering the effect of the slamming force. Several force models that can describe the time history of the slamming forces on cylindrical structures were thus developed, as given in Table 1 . In these models, the slamming coefficients are time dependent. The Wienke and Oumeraci [4] model is recommended by the IEC 61400-3 standard [5] for designing OWT support structures. The WiFi formulation was newly developed in the WiFi JIP (Joint Industry Project Wave Impacts on Fixed turbines) in 2017 [6] .
The models given in Table 1 were derived by using different approaches. The von Karman theory was implemented by Goda et al. [8] , and Wagner theory was employed by Wienke and Oumeraci [4] . In addition to Wagner method, Cointe and Armand [10] also derived the asymptotic expressions for the inner domain and outer domain at the spray root during the impact and further solved the problem by matching the inner and outer asymptotic expressions. Campbell and Weynberg [9] determined the slamming coefficient by experimental study. The WiFi formulation was developed based on a combination of Wagner method and model tests at MARIN (Maritime Research Institute Netherlands) and at Deltares. It should be noted that these models were originally developed for a two dimensional (2D) slamming problem, hence the vertical distribution of slamming load was not taken into account. When applying these models to three dimensional (3D) problems, the vertical force distribution is usually assumed to be uniform or triangular.
The force models given in Table 1 were developed for cylindrical structures and can be used to estimate slamming forces on monopiles for OWTs. However, these force models might not be suitable for jacket structures, though they consist of several cylindrical legs and braces. One reason is that the water surface that approaches a leg or a brace is affected by other legs and braces, causing a more complicated slamming scenario than that for cylindrical structures.
The slamming forces acting on jacket structures are thus different from those on cylindrical structures. For jacket structures, wave slamming forces should be estimated both locally and globally. The local slamming forces are important for the design of e.g. individual legs, while the global slamming forces are essential for the design of e.g. foundation systems. Based on the experimental data from the WaveSlam project, Jose [11] discussed local versus global loads from breaking waves. Tu et al. [12] investigated the global slamming loads due to plunging breaking waves on jacket structures. A total of 3910 time series of slamming forces were reconstructed and statistically analyzed. The mean slamming coefficient was found to be about 1.30 at a curling factor of 0.4. In that study, two wave slamming load models were also proposed, i.e. a simplified force model and a refined force model, to represent the temporal development of global wave slamming loads on jacket structures. However, only one wave condition was considered in Ref. [12] . More wave conditions are thus required to further refine and verify the proposed force model. In this study, six different wave conditions from the WaveSlam project are further analyzed to propose a more accurate global slamming force model for jacket structures for offshore wind applications. Under each wave condition, one or several wave test runs with a number of regular waves were carried out. Based on the experimental data, global slamming forces acting on a jacket structure model are inversely calculated by using the method developed by Tu et al. [13] . The parameters of the measured waves and the reconstructed slamming forces are then used to determine the parameters in the force model by statistical analysis. Verification and application of this developed force model are also addressed. Goda et al. [8] von Karman π
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a symmetric load shape Note that C s is the slamming coefficient, D is the diameter of the cylinder, C b is breaking wave celerity. In the WiFi formulation, the slamming force is assumed to be symmetric in time around the crest when the crest touches the structure surface.
Experimental data
In this study, the experimental data from the WaveSlam project are used for the analyses. This project aims to improve the method for calculating slamming forces from plunging breaking waves on jacket structures through model tests on a large scale [14] . The project was conducted by a consortium headed by University of Stavanger (UiS) and Norwegian University of Science and Technology (NTNU) in 2012-2013. The experiment was conducted with a 1:8 scale model of a jacket structure, which is similar to the jacket designed by Reinertsen AS for the Thornton Bank offshore wind farm [15] , using the Large Wave Flume facilities at the Coastal Research Centre (Forschungszentrum Küste, FZK) 1 , Hannover, Germany. The experimental data have been released to the public since July 2015. The data used in this study are in model scale.
Experimental setup
The setup of the experiment is shown in Fig. 1 . The wave flume is approximately 300 m long, 5 m wide and 7 m deep. The waves were generated by the wave board at the left end of the flume, went over a 1:10 slope, then reached the jacket model on a plateau. Since a water depth of 16 m was simulated, the water depth at the jacket model was set to 2.0 m for most cases. For some cases, the water depth was adjusted to 1.8 m. The diameter of the legs and the braces of the jacket model was 0.14 m.
A global coordinate system is defined as following: The origin is positioned at the middle position of the wave board (x = 0), at the bottom of the channel (z = 0) and at the south side of the flume, namely the right side when following the flow (y = 0). The x-axis is positive in the wave direction. The z-axis is positive upwards. The y-axis forms a right hand system with the other axes.
Wave gauges were installed at 15 different locations. Three Acoustic Doppler Velocity meters (ADVs) were installed in the plane of the legs. The motion of the wave paddle was also recorded. The jacket was equipped with four total force transducers, ten local force transducers on the legs, twelve XY force transducers on the braces, and four one-directional accelerometers.
The measurements taken by the total force transducers and by the wave gauge at the plane of the front legs of the structure are used in this study. Other measurements are not used, thus not described in detail as in the original data report [14] . As shown in Fig. 2 , there were two total force transducers installed at the top of the jacket model and two installed at the bottom of the jacket model. The structure was hung from the top and did not touch the ground during the tests. The measured forces are in global x direction and have a sampling frequency of 10 kHz. The details of the transducers are illustrated in the figure as well. The names and locations of the transducers are introduced in Table 2 . The location of the wave gauge is also shown in the table.
Selected wave test cases
For a proper statistical analysis, as many wave test runs under different wave conditions as possible should be included. Therefore, all the test runs in the WaveSlam project were checked, and the test runs to be analyzed were selected according to four criteria:
• The waves should be breaking.
• The breaking locations should be close to the plane of the front legs.
• The waves in the runs should be regular.
• The water depth of all the selected runs should match that of the used hammer test runs.
The selected test runs are illustrated in Table 3 . They are all regular runs with breaking waves and have 2 m water depth at the structure. Ideally, only those runs in which the waves were breaking exactly at the plane of the front legs of the jacket structure should be used. However, the available runs under such condition are limited in number in the WaveSlam project and not enough for statistical analysis. Therefore, run 5 and run 6 are also included. Although the waves in these two runs broke 1 m in front of the structure, their breaking points were closest to the desired location among the rest of the available data.
The selected test runs under the same preset wave conditions are categorized into one case. Each case is described by a wave height and a wave period. The wave height and the wave period represent the values preset at the wave board for wave generation. They are not the ones measured at the structure or at the breaking point.
There are five other test runs in the WaveSlam data that seem to fulfill the criteria at a first glance. However, they are not used due to issues with the data quality, such as measurement errors and no obvious breaking at the front legs. [12] . The wave flume is about 300 m long, and the jacket is located at about 100 m before the end of the flume, with a much gentler slope than illustrated.
Even from the selected runs, not all the waves are used for analysis. The very first waves in each run are not breaking, so they are discarded. Some waves in the runs lead to a small peak in front of the two main peaks in the response data, which implies earlier breaking compared to the other waves. These waves are also discarded. The used waves in each test run are listed in the last column of Table 3 .
Hammer test cases for force reconstruction
The measured total forces during the wave tests are to be used for slamming force reconstruction to be discussed in Section 3.2. Apart from the wave test data, hammer test data are also essential for the reconstruction. The selected hammer test cases are the same as in Ref. [12] and listed in Table 4 . The hammer tests were carried out in 2 m deep water, the same as for the selected wave cases. The structure was hit by a 1.5 kg impulse hammer in the wave direction. The impulse hammer recorded the time series of the forces exerted on the structure with a sampling frequency of 9600 Hz, in addition to the total force measurements. The hammer hit at twelve locations in the front plane of the structure, both on the braces and on the legs. These locations (see Fig. 2 ) are in or close to the expected wave slamming zone for the wave tests. Since the hammer impacts were exerted manually, the locations shown in the figure are approximate. The number of hits for each location is different as shown in Table 4 .
Calculation of slamming forces
The total force measurements of the wave test cases described in Section 2.2 cannot be analyzed directly, since they are just the response of the structure due to the wave forces. These measurements were used together with the hammer test data to calculate the slamming forces under the corresponding wave conditions. It is the calculated time series of the slamming forces that are used in later sections for the analyses and model development. The method for the calculation has been described in detail in Ref. [12] , so it is summarized briefly below.
Pre-processing of the data
The total force measurements of the wave tests and hammer tests were processed by the following steps to get the wave response forces and hammer response forces used for slamming force reconstruction. A bandpass filter was first used to eliminate the high frequency noise (above 300 Hz) in the total force measurements. Then, the forces measured by the four transducers (see Fig. 2 ) were summed to obtain the total forces. Finally, a time domain robust LOESS smoother [16] was used to estimate the quasi-static part from the total force, and the dynamic part remains. It was confirmed in Ref. [17] that this smoother does not overestimate the peak of the quasi-static part, and is effective to resolve the dynamic part.
The impulse hammer measurements were resampled to 10 kHz to match the total force measurements, and the resampled hammer impact forces were used for slamming force reconstruction.
Reconstruction of wave slamming forces
The wave response force due to each wave was paired with the hammer test data of each hit at each location to reconstruct the slamming forces. The reconstructed forces are "effective forces", which means that the wave slam is assumed to occur only on the corresponding hammer impact location. For each wave-hammer data pair, a force reconstruction method based on linear regression [13] was used. This reconstruction method has been verified in Ref. [13] by a method-to-method comparison.
The following briefly summarizes the force reconstruction method. The wave slamming force is expressed in vector form as
It can also be written as
where F H is a matrix composed of column vectors representing repeated and shifted hammer impact forces and is given by 
( 1) 1 ( 2) 1 1
in which the symbol p denotes the total number of hypothetical hammer hits. The symbol δ denotes the interval between every two hammer hits, and is named step factor. The step factor is set to 5 for most cases, according to [13] . The parameter vector β represents the coefficients for scaling the hammer hits and is given as
Similarly, the wave response force is written in vector form as
It can also be expressed as
where 
is composed of column vectors representing repeated and shifted hammer response forces, and = ⋯ e e e e e ( )
is an error term due to the noise in the measurements. The parameter vector β can be solved by applying an ordinary least squares regression technique based on Eq. (6), when r W and R H are known. The estimated parameter vector is given by
Knowing the hammer impact force and applying β to Eq. (2), the wave slamming force is estimated as
Post-processing of the wave slamming forces
A reconstructed time series of slamming force contains two major peaks, corresponding to the wave impacts at the plane of the front legs and at the plane of the hind legs, respectively. Since the impact with larger force and impulse is of more importance in the design, only the first peak of the time series is considered in this study.
Four parameters were determined from each time series to describe the slamming forces, as illustrated in Fig. 3 .
Since the wave response force due to each wave was paired with the hammer test data of each hit at each location to reconstruct the slamming forces, there are multiple force time series reconstructed for each wave impact. The slamming force due to each wave was obtained by averaging the reconstructed slamming forces. The averaging was performed in two steps and for both the time series and the parameters that describe the slamming force. When the time series were averaged, the peaks of them were aligned. We use symbol X to represent the time series or one of the parameters to be averaged. The subscripts h and l represent the indices of hit and location, respectively. First, the values of different hits were averaged for each location of each wave.
The number of hits N l ( ) h depends on the location (see Table 4 ). Second, the averaged values of different locations were again averaged for each wave.
The purpose of the averaging is to obtain a single force time series that represents the wave hitting the front plane of the structure. Impacts at different locations result in slightly different responses (impulse response functions). The 12 locations for which hammer tests were performed sample the variability due to the impact location (studied in more detail in Ref. [12] ). The average of the response from these 12 cases is considered the best available estimate of the response due to a wave hitting the front of the jacket at potentially different locations. In other words, what is averaged out is not noise or inherent randomness of the waves, but rather uncertainty regarding the exact positions on the structure where the wave hits (and in which sequence).
The resulting time series and parameters for all the waves described in Table 3 are used for the analyses in the next sections.
Model development
In Ref. [12] , two parameterized models were proposed to describe the time series of the global slamming forces on jacket structures: a three-parameter simplified model and a five-parameter refined model. The refined model turned out to represent the force time series more accurately than the simplified one. Therefore, in this section, the refined model is further elaborated based on the slamming forces acquired by using the multiple wave cases in Table 3 .
The original refined model is
O t h e r w i s e 
where f t ( ) is the time series of global slamming force; t p denotes the moment of the peak in the time series; α 1 and α 2 are two parameters that determine the rate of exponential decay on both sides of the peak; peak force F p , duration T and rising time T r are three parameters determined by wave conditions. Equation ( 
The moment of peak t p can be set to an arbitrary value. For simplification, it is set to zero, so Equation (14) becomes • F p : Peak force, the maximum force in the time series.
• T: Duration, the time between the last zero-up-crossing before the peak and the first zero-down-crossing after the peak.
• T r : Rising time, the time between the last zero-up-crossing before the peak and the peak itself.
• I: Impulse, the integral of the force over the duration. 
In order to apply the model in engineering practice, the five unknown parameters in the model have to be decided. They are discussed separately in two groups below, according to their features.
Determination of exponential parameters
The reconstructed time series of global slamming forces due to different waves in each case are averaged. The averaged force time series for the available six cases are plotted in Fig. 4 . The peaks of the time series are aligned in the figure.
For all the six cases, the force seems to decay exponentially on both sides of the peak, which is in accordance with the proposed model.
The time series in Fig. 4 are then converted according to Equation ( To quantify this linear relationship between the horizontal axis value and the vertical axis value in Fig. 5 , the mean μ t ( ) and The standard deviation represents the variation of ( )
across the different wave conditions, and its value varies with the horizontal axis value. The variation of the slamming force time series due to the waves under the same preset condition ("Case" in this study) was discussed in detail in Ref. [12] , and is thus not elaborated in the present study. However, the coefficient of variation (or relative standard deviation,
) varies only slightly with the horizontal axis value and has a low value of 0.08 on average. This implies that the variation among the time series are small, and it is plausible to use the mean curve to represent the six time series. It is found that the standard deviation in the vicinity of the peak is smaller than that far away from the peak. Since the force around the peak contributes the most to the impulse caused by a wave impact, it is important to estimate the force around the peak more accurately than the rest of the time series. Therefore, weighted linear regression [18] is applied to fit the mean time series on both sides of the peak. In weighted linear regression, the weighting coefficients are assumed to be inversely proportional to the variance (square of standard deviation), so a smaller standard deviation results in a larger weighting coefficient. This leads to higher weighting around the peak, where the standard deviation is lower. By using the fitting, the exponential parameters are determined: = α 2.60
. The coefficients of determination, i.e. R 2 values, of the fitting are calculated using the same weighting scheme to be 0.9999 and 0.9992, respectively. This indicates that the exponential parameters α 1 and α 2 are determined with high confidence.
Determination of wave-dependent parameters
Given an arbitrary regular breaking wave condition, the other three parameters required by the model: duration T, rising time T r and peak force F p , are not known directly. However, they are wave-dependent parameters due to the physics, and can be determined by the given wave condition. In order to investigate the dependence of these parameters on the wave condition, three dimensionless coefficients are introduced.
The duration coefficient ζ 1 is defined as
where D x is the equivalent width of the structure in the wave direction, the value of which depends on the structure geometry relative to the wave impact. Since the front legs and braces are all in a plane perpendicular to the wave direction and have the same diameter 0.14 m, this value is used for D x . The breaking wave celerity C b can be approximated by Equation (17) , for shallow water waves with high steepness [19, 20] .
where g is the gravitational acceleration; d is the water depth; and η b is the maximum elevation of the breaking wave, which can be obtained from the wave elevation measurement. The rising time coefficient ζ 2 is defined as the ratio of rising time to duration.
The peak force coefficient ζ 3 is defined as 
where ρ is the water density; D y is the equivalent width of the structure in y-axis direction, the value of which depends on the structure geometry relative to the wave impact. For the investigated jacket, A typical formulation of three dimensional slamming force includes two coefficients: slamming coefficient C s and curling factor λ. In some other studies, e.g. Wienke and Oumeraci [4] , C s was first determined theoretically, then λ was calculated empirically based on the determined C s . In this study, C s and λ are treated together as one coefficient ζ 3 instead, since they are not independent.
The values of ζ 1 , ζ 2 and ζ 3 are calculated for each wave of the cases listed in Table 3 From Figs. 8 and 9, it can be noticed that the variation of ζ 1 and ζ 2 over different cases is much smaller than the variation over different waves inside each case. The coefficients of variation of ζ 1 for the six cases range from 0.17 to 0.31, while the value over the six cases is only 0.06. Similarly, the coefficients of variation of ζ 2 for the six cases range from 0.20 to 0.34, while the value over the six cases is only 0.09. Although there is variability of ζ 1 and ζ 2 within each case, the means of all the cases are similar. This implies that ζ 1 and ζ 2 are insensitive to wave condition, so they are treated as constants because their mean values can be assumed to be the same for with a 95% confidence interval of ± 0.02. From Fig. 10 , it can be noticed that the variation of ζ 3 over different cases is comparable to the variation over different waves inside each case. The coefficients of variation of ζ 3 for the six cases range from 0.18 to 0.33, and the coefficient over the six cases is 0.21. The coefficients of variation of the nominator and denominator in Eq. (19) over the six cases are 0.087 and 0.276, respectively. So a constant value might not be representative enough for the peak force coefficient ζ 3 . Attempts have been made to figure out the relationship between ζ 3 and the wave parameters, such as wave height, wave elevation and deep water wave length, and their ratios. However, the values of ζ 3 are much more widely spread than the values of those parameters and ratios, which does not support an expression of ζ 3 in terms of the wave parameters. The reason for such widely spread ζ 3 values could be explained by the slightly shifted breaking point relative to the jacket structure at each wave impact. Although the location of breaking is given for each test run in Table 3 , it is based on the visual estimation for the whole run, and it is not strictly controlled for each wave in such a shallow water breaking wave test with many nonlinearities involved. Even if a wave breaks just slightly before or after the plane of the front legs, the peak force reduces significantly, thus changing the value of ζ 3 also significantly.
Since peak force is a decisive parameter for an accurate estimation of the slamming force time series and the total impulse exerted by a wave on the structure, the peak force coefficient ζ 3 should be determined with a more reliable approach. The ζ 3 values of all the waves in all the test runs are sorted in a histogram in Fig. 11 . The data are then fitted by various distributions, and a lognormal distribution function is found to give the best goodness of fit among the commonly used distribution functions. The lognormal distribution function is thus selected, and its expression is given by
in which μ L and σ L are the log location and log scale parameters, respectively. The fitted values for these two parameters are = − μ 0.4497
The log-likelihood of the fitting is 3.6. The cumulative distribution function of ζ 3 based on the original data is plotted together with the fitted lognormal distribution in Fig. 12 . From this figure, we can see more clearly that the lognormal distribution fits the data very well in general, although slight overestimation and underestimation exist locally. Four representative quantiles of the cumulative distribution function and their corresponding ζ 3 values are marked in Fig. 12 , and the ζ 3 values from the fitted distribution are compared to those from the original data in Table 6 . Since the cumulative distribution function based on the original data is discrete, the smallest available value that is larger than the given quantile is used for the calculation of ζ 3 . In this way, ζ 3 can be well approximated when the number of data points at the quantile considered is very large; while for large quantile (e.g. 99%) where fewer data points are available, the approximated ζ 3 is likely to have a large uncertainty. Therefore, the relative difference between the two cumulative distribution functions is larger for the quantile of 99% than for the rest in the table. In this study, we use = ζ 1.178 3 , which corresponds to the quantile of 95%, as a representative value for the peak force coefficient, because the quantile is relatively large, and the difference between the fitted distribution and the original data is relatively small for this quantile. In the application of the model, the peak force coefficient ζ 3 can be calculated from the lognormal distribution, according to the quantile needed for the design. Now that ζ 1 , ζ 2 and ζ 3 have been determined, the wave-dependent parameters T, T r and F p of the force model can be calculated with Equations (16), (18) and (19) , for a given structure and given wave conditions.
Application of the model
Knowing the five parameters determined in Sections 4.1 and 4.2, the model of the slamming force time series is completely defined. Once the site conditions and the structure properties are known, time series of the slamming force can be calculated. A flow chart as shown in Fig. 13 summarizes the procedure to get the force time series by applying the model. Knowing site conditions, the wave parameters for the potential breaking waves are determined. Knowing both site conditions and structural properties, water depth d at the structure and the equivalent widths of the structure D x and D y are determined. The wave parameters and water depth are then used with suitable wave theories and breaking criteria to derive breaking wave celerity C b and the maximum elevation of the breaking wave η b . The determination of wave parameters and η b for a given site condition is further addressed in Section 6. Then, the parameters D x , D y , C b and η b are used together with the coefficients ζ 1 , ζ 2 and ζ 3 to calculate the wave-dependent parameters T, T r and F p . Finally, the wave-dependent parameters are used in the force model together with exponential parameters α 1 , α 2 to obtain the time series of the slamming force f t ( ).
Model verification
In this section, the developed model is verified against the original reconstructed time history of slamming force. Since the peak force F p , duration T and rising time T r are wave-dependent, the verification is thus conducted with respect to each individual wave. For the six wave conditions considered in this study, there are in total 176 individual waves. In each individual wave, both the wave parameters (such as wave height, wave period, maximum elevation η b , etc.) and reconstructed time history of slamming force are available. Knowing water depth d and η b , breaking wave celerity C b is determined according to equation (17) . Then by using parameters D x , D y , C b and η b together with coefficients ζ 1 , ζ 2 and ζ 3 , the wave-dependent parameters T, T r and F p are achieved. The time history of slamming force can then be predicted according to equation (15) . Here four representative quantiles (i.e. 50%, 90%, 95%, 99%) are used when determining the ζ 3 value. An exemplary comparison between the original reconstructed slamming force and the predicted slamming forces by the force model is shown in Fig. 14 .
In the verification, both peak force and impulse are considered. The predicted value is compared to the original value. A ratio of the predicted value to the original value is introduced to quantify the comparison. If the ratio is larger than 1, it implies that the value is overpredicted. It should also be noted that for a given breaking wave and a given quantile, the predicted value is deterministic, while the actual value due to the breaking wave is very random, due to the inherent nature of slamming events [21] . As a result, the ratio of the predicted value to the original value is expected to vary in a certain range. However, if the ratio is more likely to be larger than 1 (i.e. predicted value overestimated), it indicates that such prediction is conservative, which is more desirable from the design point of view.
The ratio of the peak force from the predicted force time history to the peak force from the reconstructed force time history is calculated for each individual wave. The values of the ratio for all 176 waves are plotted in Fig. 15 for four different quantiles. The ratio points in the figure range from about 0.5 to about 6, with a concentration between 1 and 3. Depending on the selected quantile, the points scatter around different values. The overestimation rates of peak force for the predicted slamming force with a quantile of 50%, 90%, 95% and 99% are approximately 0.5, 0.90, 0.96 and 0.99, respectively. The overestimation rate is fairly close to the corresponding quantile, this is because the predicted peak force is proportional to ζ 3 , which is determined based on the given quantile. Total impulse (i.e. the integral of the force over time) is another important parameter that characterizes the slamming force. Similar to the peak force, the ratio of the impulse from the predicted force time history to the impulse from the reconstructed force time history is calculated for each individual wave. Fig. 16 depicts the values of the ratio for all 176 waves and for four different quantiles. The points of impulse ratio are distributed in a narrower range in the figure compared to the points of peak force ratio in Fig. 15 , indicating that the impulse values tend to be overestimated to a less extend than the peak force values. However, the overestimation rates of impulse for the predicted slamming force with a quantile of 50%, 90%, 95%, and 99% are approximately 0.61, 0.94, 0.97 and 1.0, respectively. Therefore, for a given quantile (e.g. 95%), the impulse of more waves tend to be overestimated compared to the peak force.
It should be noted that in Figs. 15 and 16 wave IDs larger than about 90 correspond to case 6, which has 5 runs with the same preset condition. The other cases have only 1 or 2 runs, i.e., much fewer waves.
Considering the verification results for peak force and impulse above, the developed force model can give a conservative prediction of slamming force time histories, which can be used for engineering design purposes, provided that the ζ 3 value or the quantile is selected carefully to account for the inherent randomness of slamming forces. Such value should be large enough to ensure that the predicted slamming force is conservative enough to provide a safe design. A highly conservative prediction of slamming forces demands a much stronger structure, which increases its cost. Meanwhile, the value should not be too large, since the probability of waves breaking exactly at the structures is very low. Therefore, the quantile should be chosen based on the balance of structural safety and economy.
Discussion
The force model developed in Section 4 is based on the wave cases given in Table 3 , in which several different combinations of wave height and wave period were considered. Hence the effect of variable wave conditions is included in the developed force model. The force model consists of five parameters that are independent of waves and structures, i.e. two exponential parameters (α 1 , α 2 ) and three coefficients for calculating wave-dependent parameters (ζ 1 , ζ 2 and ζ 3 ). These five parameters are dimensionless and were estimated at 1:8 scale, which is a relatively large scale compared to commonly used scaling ratios in wave basin model tests [6, 22] . The scaling effect on these five parameters is expected to be small. Therefore, the force model can be considered applicable in full scale as well, though it was developed based on model scale data. Air bubbles affect the local pressure distribution significantly, and they might also affect global slamming forces. However, for a jacket structure, this effect is expected to be much less, due to the spatial and temporal averaging that occurs.
Though only one jacket structure was considered for the model development, it is a representative jacket structure for offshore wind applications. The developed force model is applicable to four-leg jackets with waves coming from ∘ 0 with respect to the jackets. The application of the model to other jacket types or for waves coming from other directions is not investigated this study. The force A time-resolved slamming force model as the developed one is essential for the analysis of a jacket structure, because a jacket structure is a multiple degree of freedom (MDOF) system. The slamming can excite modes of the jacket with natural periods that are comparable to the impact duration.
The developed force model has an evident rising time, which is quite different from most of the force models for cylindrical structures given in Table 1 . It should be noted that most force models for cylindrical structures were originally developed for 2D slamming forces. When they were extended to 3D slamming problems, the steep fronts of breaking waves were assumed to act on the structures simultaneously, implying that the rising time is neglected. However, in the model tests of the WaveSlam project, it was clearly observed that the wave fronts impacted different parts of the front plane of the structure at different instants in a random manner [23] . Therefore, an exponential increase of the total slamming force before the peak, as observed in this study, can be expected. Actually, even for cylindrical structures, a rising time before the peak was observed in the experiment as well, such as in WiFi JIP project [6] .
The fact that the steep fronts of breaking waves do not impact the structure at the same time causes a gradually increasing and then decreasing time history of the resulting slamming forces. Since the force model developed in this study is based on experimental data, such characteristics during the actual slamming events are thus more likely to be accounted for.
In the developed force model, an essential wave parameter is the maximum elevation of the breaking wave η b . It is used to determine the breaking wave celerity C b for shallow water, and it affects the values of duration T, rising time T r , and peak force F p . In the above model verification section, η b was determined based on measured data. However, how to properly estimate η b for a given sea state is very challenging. In addition, the total wave force consists of a quasi-static part and a dynamic part (i.e. slamming forces). The quasi-static load is estimated by the Morison equation, in which the wave kinematics, such as velocity and acceleration of the fluid, are required. These wave kinematics should also be properly estimated.
For a given sea state with a significant wave height H s and peak period T p , whether it is likely to include breaking waves should be first justified. During the model tests of the WiFi JIP, it was found that at steep sea states, some waves lead to impulse like impacts due to their steep fronts. The limiting sea state steepness above which such behavior was observed was found to be [6] > H L 0.04 s p (21) in which L p is the peak wave length. It can be estimated by using the linear dispersion relationship based on known peak period T p and water depth d. If the sea state is identified to potentially contain breaking waves, two approaches can be applied to determine η b and the wave kinematics. One approach is to use a fully nonlinear numerical wave tank to generate the time series of wave elevation and wave kinematics. This approach is employed by Peeringa et al. [24] to generate stochastic nonlinear waves using the nonlinear potential flow solver OceanWave3D [25] . The other approach is to embed a stream function wave into a linear irregular wave realization. The extreme wave from an irregular wave time series is substituted with a stream function regular wave. This approach has been employed in engineering practice of offshore wind industry. Recent development of this approach includes a new method proposed by Pierella et al. [26] to embed a stream function wave based on the Hilbert transform. For sea states containing breaking waves, the time series of the slamming forces on a structure can be determined for a specific percentile of ζ 3 . For these sea states, the target return period should account for the occurrence of the sea states, the occurrence of plunging breaking waves, and the percentile of ζ 3 . Therefore, the characteristic load with a target return period is not determined by merely selecting a percentile of ζ 3 . Both the occurrence probability of the sea states and the occurrence probability of plunging breaking waves should be properly selected as well.
Conclusion
In this study, a force model was developed for estimating global slamming forces due to plunging breaking waves on jacket structures, based on statistical analyses of experimental data from the WaveSlam project. Given a sea state, this force model provides a deterministic and conservative prediction of the slamming force time history, which inherently has random features.
The force model was developed by refining a five-parameter model proposed by Tu et al. [12] , using a total of 176 individual breaking waves, under six wave conditions. For each individual breaking wave, the time history of the resulting slamming force was reconstructed based on hammer test data and wave test data, and the wave parameters were acquired from a wave elevation measurement.
The parameters involved in the force model, including two exponential parameters and three wave-dependent parameters (i.e. duration T, rising time T r and peak force F p ), were determined by using the acquired slamming force time histories and wave parameters. The two exponential parameters were found to be constant, by applying weighted linear regression to the slamming force time histories. The wave-dependent parameters were expressed by three dimensionless parameters (i.e. duration coefficient ζ 1 , rising time coefficient ζ 2 and peak force coefficient ζ 3 ), together with the acquired wave parameters and the structural dimensions. The dimensionless parameters were then determined in a statistical way. It was found that ζ 1 and ζ 2 are approximately constant, and ζ 3 follows a lognormal distribution. The value of ζ 3 is recommended to be determined by choosing a quantile that can give a conservative prediction.
The developed force model was verified against the original reconstructed force time histories. Since the model was developed based on regular wave cases, the applicability of the model to irregular waves should be validated against model test data or field measurements. It is also worthy of studying how to employ the slamming force model in probability-based design of jacket structures.
